Introduction
The 60-beam OMEGA laser system is used for inertial confinement fusion (ICF) studies. 1 The configuration of each of the 60 beams should be exactly the same to produce the mostuniform ICF implosions. 2 A shaped infrared (IR) (λ = 1053 nm) pulse is generated from a single master oscillator and fed into 60 beamlines with large Nd:glass amplifiers. 3 Each beamline produces approximately 800 J of IR light in a 1-ns pulse. The frequency of the IR light is tripled in a series of KDP crystals to produce UV light at 351 nm, which is used to illuminate the ICF target. An important feature of this laser system is that spectral broadening can be deliberately imposed on the emitted radiation using a technique called smoothing by spectral dispersion (SSD). 4 This is done to produce a moreuniform, time-integrated illumination profile at the target. The imposed bandwidth has a width of 1.2 nm in the IR, which exceeds the acceptance bandwidth of the potassium dihydride phosphite (KDP) crystals used for frequency tripling. 5 To overcome this problem, each beam has two tripling crystals that are angularly detuned with respect to the direction of propagation. 6 The acceptance bandwidth of the combined crystals is large enough to efficiently convert the SSD pulses. To maintain the highest conversion efficiency, the angular detuning of the KDP crystals must be controlled to approximately 100 µrad. Mistuned crystals decrease the UV conversion efficiency and change the spectra of the converted light. A procedure has been developed to tune the crystals by looking at the conversion efficiency on nine laser shots; however, the tuning can drift with time, and checks of individual beamlines have revealed that the spectra were different. Figure 101 .48 illustrates the differences in spectra between two beamlines. To facilitate a more-accurate tuning procedure, a spectrometer was built to measure the UV spectra of all 60 beams on all OMEGA shots. This article describes that spectrometer.
In addition to the bandwidth imposed by the SSD system, there is an intrinsic source of bandwidth on the OMEGA system. If the intensity of a laser pulse varies rapidly in time, the nonlinear index of refraction produces a time-varying phase. 7 The time-varying phase produces a wavelength shift.
A Multichannel, High-Resolution, UV Spectrometer for Laser-Fusion Applications
The spectral structures associated with these intrinsic wavelength shifts have typical widths of 3 picometers (pm). The ability to understand and control this intrinsic bandwidth was a secondary motivation for building this spectrometer. The dual missions mentioned above determined the specifications of the spectrometer that was constructed. The spectrometer had to be able to acquire at least 60 complete spectra in a single shot. To allow for the possibility of corrupt channels and to incorporate in-situ wavelength calibration, an imaging spectrometer was constructed to accommodate 63 channels. Each channel must span a 0.5-nm bandwidth around λ = 351.01 nm to be capable of viewing the entire SSD-broadened spectra. With SSD turned off, the spectrometer must be able to resolve spectral features of the order of 3 pm. The light that feeds the spectrometer will come from a small fraction of the light from each beamline that is split off for diagnostic purposes (about 1 µJ on a full-energy shot). The total UV energy per beamline on OMEGA can range from 10 to 500 J. The fraction of light that is split off is linearly dependent on the total beam energy, so the detection system must be able to accommodate signal levels that vary by a factor of 50.
Spectrometer Layout
The physical layout of the spectrometer is shown in Fig. 101 .49. The input to the spectrometer comes from 60 fiber bundles. Each fiber bundle consists of three 300-µm, UVtransmitting, step-index fibers. 8 The fiber bundles are attached to an integrating sphere, which is illuminated with a portion of the light from each beamline. Three fibers are used to increase the light coupled out of the integrating sphere. The fiber bundles attach to an input manifold. Within the manifold, three fibers from each bundle are realigned into a linear array and coupled into a UV-transmitting, fused-silica bar 10 × 1.2 × 0.4 mm 3 , along the 1.2-mm dimension. The bar, which is aluminized on all four sides with a 10-mm edge, acts as an optical homogenizer via multiple reflections off the metallized sides. The light emerging from the fiber should be approximately spatially uniform and have a Gaussian dependence on angle. The homogenizer will cause the high-angle rays that have the lowest uniformity to undergo at least two reflections from the sides, thus increasing the uniformity of the output radiation. This assembly constitutes a single channel, which is the input to the spectrometer. Twenty-one of these channels are arranged in a line. The center channel is fed with a neon pencil lamp, which provides a wavelength fiducial for calibrating the wavelength. The entire manifold consists of three lines of 21 channels separated by 10.4 mm. In between the lines are three uniform bars that can be used to flat-field the instrument. The resolution of the spectrometer would be limited by the 0.4-mm width of the bar unless the field of view is further limited. Unlike the adjustable slit commonly employed in spectrometers, the resolution of this instrument is selected from a fixed set of slit widths. The manifold sits behind a metallized fused-silica plate. The side of the plate facing the fiber manifold is coated with chromium. The backside is antireflection (AR) coated for UV light. The chromium was photolithographically etched with three sets of slits. Each set contained four slit openings: 10, 20, 40, and 60 µm. The plate sits on a computer-controlled linear stage that allows the selection of a single slit opening for all channels. The diffusing bars provide a uniform light source for illuminating the slit. The bars are at least six times larger than the slit width. By recording the slit opening for each shot, the response of the instrument can be photometrically calibrated. Table 101 .V gives the position and properties of each optical element in the path between the fiber manifold and the CCD (charge-coupled-device) detector. After passing through the slit, the light reflects off of a flat dielectric mirror. Four mirrors are used in the instrument to create a folded optical path. The folded path enables us to compress the instrument, with a total optical path length of greater than 5 m, onto a breadboard 1.2 m on an edge.
The optical system has a total demagnification factor of 0.87; therefore the slits at the input of the system appear smaller at the detector plane. The imaging is done with refractive optics. 9 Four lenses are arranged in two pairs: a collimating pair and a focusing pair. The focus can be adjusted by means of a micrometer that controls the separation of each pair of lenses. Many spectrometers use reflective optics to image the light through the instruments to avoid chromatic aberrations associated with the refractive elements; however, this instrument has a limited spectral range of 0.6 nm centered about 351 nm. Over this spectral range, spectral dispersion in the fused silica can be ignored. The index of refraction changes by less than one part in 10 5 over this wavelength range. For the optical system described here, the point-spread function at the CCD detector, due to chromatic aberration, was calculated at three wavelengths (350.7 nm, 351.0 nm, and 351.3 nm) and found to be 11 µm, 6 µm, and 12 µm, respectively, on axis. This means the resolution changes across the spectral range from 1.8 pm to 1.4 pm to 1.9 pm. The advantage of using refractive optics is that the imaging can be done on axis, which allows a wider field of view (FOV) than off-axis imaging. The large FOV is needed because the spatial extent of the fiber manifold is 21 × 25 mm 2 . The effective width of the 21-mm dimension expands to approximately 29 mm when wavelength dispersion of the full bandwidth is taken into account.
The spectral resolution of the system is achieved by using three 110 × 110-mm 2 , 3600-line/mm holographic gratings. At a wavelength of 351 nm, the first-order diffraction efficiency is 38.8%. Based on a simulation of the spectrometer in OSLO, 10 a combination of the three gratings produces a total dispersion at the CCD detector in wavelength units per spatial distance of 9.1 × 10 -2 pm/µm.
The CCD detector is a scientific-grade, 2048 × 2048 backilluminated, thinned array. 11 The pixel pitch is 13.5 µm. 12 To increase the sensitivity and eliminate any interference effects, the array has no protective window; therefore, the CCD is mounted in vacuum to protect the chip from degradation. Light enters the vacuum chamber through a window mounted at 25°t o the optic axis so that any back-reflections from the CCD surface are removed from the FOV of the detector. The CCD is cooled to -30°C to reduce dark noise. The smallest slit size should image to approximately 8.7 µm at the detector plane, which is less than the pixel pitch. Ideally, the image of a slit can illuminate just one pixel; however, the slit width must be convolved with the point-spread function listed above to determine the instrument resolution.
Instrument Performance
The multichannel spectrometer is now operational on the OMEGA laser system, and the instrument performance can be compared with the design specifications. Figure 101 .50 shows the image of an acquired laser shot. The first operational issue is calibrating the wavelength. The middle channel of the middle column can be illuminated with the light from a neon pencil lamp. 13 This channel is on the optical axis and has very small optical aberrations due to imperfections in the imaging system. In this configuration, four Ne I lines are visible. 14 A least-squares fit to those wavelengths yields an absolute wavelength calibration for the middle column and a relative calibration for the two outside columns. 15 The experimentally measured dispersion was 8.6 × 10 -2 pm/µm, giving 1.16 pm/ pixel. This is 6% lower than the modeled value listed above and indicates a slight offset in the position of lenses, which decreases the magnification. When the neon lamp illuminates the outside columns, not all of the lines are visible. To determine the absolute calibration of the outside columns, the OMEGA laser is fired without the SSD bandwidth turned on. Under these conditions, all channels have the same narrow line spectrum. Adjusting the offset of the outside columns to match the center column gives an absolute wavelength calibration for all channels. The validity of the absolute wavelength calibration is tied to the precision to which the plate with the slit arrays can be reproducibility positioned. Since the illumination source is uniform, variations in the slit position translate to apparent shifts in the absolute wavelengths. The motorized, lineartranslation stage can be reset to the same position to within 20 µm, which implies that the wavelength calibration is accurate to approximately 2 pm after the slits are changed. To obtain the highest accuracy, the wavelength should be recalibrated every time the slit width is adjusted.
Aberrations within the imaging system of the spectrometer have been reduced to bring all channels within specifications. Channels near the optical axis exceed the performance requirements of the system. With SSD turned off, these channels will record a spectral full width at half maximum (FWHM) of 2.5 pm for laser energies that vary by a factor of 36 for 1-ns square pulses. The laser that seeds all sixty beams has a nearly transform-limited bandwidth, which has a measured UV-equivalent linewidth of less than 0.3 pm (the calculated linewidth of this laser is 4 × 10 -4 pm). The independence of the spectral FWHM on laser energy implies that there is no B-integral broadening of the laser linewidth and the inputs to the spectrometer have the same spectral width as the seed laser; therefore, the measured linewidth is the intrinsic response of the instrument. For subnanosecond pulses, this is not the case. Figure 101 .51 illustrates that the instrument performance is sufficient to observe B-integral broadening when it occurs. Two normalized spectra are shown: the wider spectrum is of a 100-ps pulse, the second spectrum is from a low-energy, 2-ns laser shot, which represents the instrument-limited response. As the position of the channels moves away from the optic axis, line-spread function increases. At the edges of the FOV of the CCD, the minimum FWHM is 6 pm. This resolution is sufficient for tuning the frequency-conversion crystals.
In addition to broadening, the optical system introduces curvature to the wavelength field. The straight slits in the object plane map to curves in the image plane, which deviate quadratically with distance from the center of the FOV. The maximum deviation at 14 mm from the optic axis is 300 µm. With additional fine-tuning of the alignment, it might be possible to remove these aberrations. It was decided, however, that since the aberrations were sufficiently well characterized, The dashed curve represents a 9-J, 2-ns pulse on beam 61 (shot 35921). Under these conditions, the spectral width is expected to be transform limited. This curve represents the instrument response to a single frequency. The solid curve shows the broadening and spectral shift associated with a 50-J, 100-ps pulse (shot 36701).
it was easier to remove them using image-processing algorithms than to realign the spectrometer.
The optical transmission through the spectrometer was measured by removing the fibers from the input to the spectrometer and recording the amount of light emerging from the fiber with a calibrated energy meter. The fiber was again connected to the spectrometer, and the total CCD analog-todigital units (CCD_ADU) were recorded. The CCD_ADU total was converted to joules using the manufacturer's supplied quantum efficiency of the camera. A typical transmission value was 1.6 × 10 -5 ±0.5 × 10 -5 , with most of the variation associated with the alignment of the fibers in the external fiber bundle with a similar internal fiber bundle that connects to the manifold. The transmission loses are dominated by the 10-µm slit aperture on the 400-µm source (transmission = 2.5%) and the mismatch between the f/2.5 numerical aperture of the fibers coupling into the f/10 of the collimating lens, which gives an effective transmission of 6%. The product of these transmissibilities is multiplied by the product of all the transmission factors listed in Table 101 .V to estimate the transmission through the spectrometer as 2.1 × 10 -5 . The light from a single channel that is transmitted to the CCD is very uniform in the spatial direction because of the homogenizer in the fiber manifold. There are 570 columns in each of the 63 spectra, and each of those 570 is the average of approximately 100 spatial pixels, all of which are nearly identical. The signal-to-noise ratio (SNR) at each point (the average over the column) is just the average divided by the standard deviation times the square root of the number of points averaged. 16 In a single image there are 35,910 individual measurements of the SNR. Figure 101 .52 is a plot of the SNR as a function of the average signal in CCD_ADU. This data was taken with SSD on and a 20-µm slit. The peak SNR is 100 at an average signal of 300 ADU. Typical SSD spectra can be characterized as a flattop at 80% of the peak and a peak-to-valley modulation of 40% of the peak value. Over this range, most of the spectra have an SNR of 70 to 100. The SNR drops to 1 when the average pixel value is 1.4 ADU, so the dynamic range of this instrument is about 200. The solid line in Fig. 101 .52 represents the SNR if the data followed Poisson statistics. At low signal counts, the SNR falls below this line due to the read noise of the CCD. A separate instrument records the energy of the UV light before it enters the fiber. The total CCD_ADU for each channel has been correlated with this number, and the ratio is constant to within 8.5%. This is the precision to which the photometric calibration can be trusted. The precision is limited by crosstalk between the channels. Decreasing the channel width will decrease the crosstalk at the expense of the SNR.
Preliminary measurements with this instrument have verified that SSD spectra vary from beam to beam. A protocol is being developed to remove this variation by adjusting the angular tuning of the frequency-tripling KDP crystals. In addition, the instrument is being used to study the spectral broadening that occurs in the OMEGA laser system when the pulse duration is less than 100 ps. The spectral shifts are closely tied to the rise and fall times of the pulse.
This spectrometer can prove to be a useful diagnostic instrument on large multibeam ICF laser systems such as LLE's OMEGA laser, the National Ignition Facility at Lawrence Livermore National Laboratory, 17 and the Le MegaJoule Laser in France, 18 where the bandwidth is deliberately added to the laser spectrum for spatial smoothing or for suppression of nonlinear processes such as stimulated Brillion scattering. The spectrometer's unique design employing refractive optics makes it suitable for imaging spectroscopic applications that deal with relatively narrow spectroscopic ranges such as laser line broadening or for resolving a specific atomic transition.
